ABSTRACT. Spectra of the night sky, taken at Lick Observatory in 1988 and 1989 as byproducts of nebular spectra, show the great increase of light pollution by sodium high-and low-pressure lamps in comparison with previous spectra taken in 1975. The usefulness of the emission lines of the night sky spectrum for wavelength calibration is mentioned. In the far-red and near-infrared regions, where there are only few atomic night-sky lines, the OH vibration-rotation spectrum may be used for this purpose. Accurate rest wavelengths for these lines, calculated from the best laboratory determinations, are tabulated, and the special suitability of the P x (and to a lesser extent /½) ti nes i s discussed.
INTRODUCTION
Lick Observatory is well known to be located at a site with severe light pollution, probably the worst of any telescope currently active full time on research. Its light-pollution problem may become increasingly relevant to other observatories in the southwestern United States. Osterbrock et al. (1976) published sky spectra taken at Mount Hamilton in 1975, as well as spectra of the mercury lamps then mainly in use in San Jose, and of the high-pressure sodium (HPS) and low-pressure (LPS) lamps that were coming into use at that time. They predicted that the future Lick Observatory night-sky spectrum would be increasingly dominated by these sodium lamps, and stated the astronomical advantages of the LPS lamps. More recently Massey et al. (1990) published spectra of sky spectra at Kitt Peak, taken in 1988, and of similar lamps. These spectra show that all three types of lamps are becoming apparent in the sky spectra at that site, particularly the LPS lamps. Walker (1991) has reviewed the continued slow increase in light brightness at Mount Hamilton until about 1978, its leveling off in the Β band in the early 1980^ as a consequence of the shift in street lights from mercury to HPS, with later some LPS, and its increase again since about 1984. Hence, it is of interest to compare the current night-sky spectrum at Lick Observatory with that of the mid-1970^. This is done in the present paper.
The spectrum of the sky, though a nuisance astronomically, has one redeeming feature. It automatically imposes on the spectrum of any object, while it is being taken, emission lines with accurately known wavelengths. These may be used as comparison lines, or as lines to fix the wavelength zero point if the dispersion curve is known from comparison-lamp spectra. In the red-and near-infrared spectral regions, the OH emission bands of the natural night-sky spectrum increasingly dominate over the lightpollution spectrum. In this paper we tabulate accurate laboratory wavelengths of the individual lines in these bands, and discuss their use as wavelength zero points.
OBSERVATIONAL DATA
The sky spectra on which this study was based were obtained at Lick Observatory in connection with a pro-^CO/LO Bulletin No. 1205.
gram on the spectrum of NGC 1976, the Orion nebula (Osterbrock et al. 1991) . They were taken with the UVSchmidt spectrograph and a thinned Texas Instrument (TI) 800x800 three-phase CCD detector at the Cassegrain focus of the Shane 3-m telescope (Miller et al. 1988) . The spectra were obtained with two gratings, each of 600 lines mm " ^ at seven different grating rotations, to cover the spectral range λλ 3000-11 000 (with some overlap). Each exposure covered approximately 1550 A. The gratings were used in the first order, and glass filters were used to block the second order from the spectra with central wavelengths A c >5580 A. Slit widths of 2" (in the optical region, /L<7500 A), or 3" (in the near-infrared, A>7000 A) were used, giving spectral resolutions (FWHM) of about 5-7 A. The slit length was 2' for all exposures. A journal of observations is given in Table 1 .
The first two sky spectra, taken in 1988, came from regions on either end of the slit, well away from the objects being exposed at its center, BD + 26 o 2606 (March 21 ) and NGC 4151 (March 22) . The other sky spectra were taken with the slit either 4 min due east of the bright region studied in NGC 1976 (1989 January) or 1.5 hr east of it (1989 April). The zenith distances at midexposure are listed in Table 1 . The spectrum for λ 0 = 7750 A was taken very near the zenith; all the others were taken to the west or southwest in azimuth. San Jose, Santa Clara, and the other Silicon Valley cities which are the main sources of light pollution at Lick Observatory, lie to its west.
The spectra were individually reduced to flux units as functions of wavelength following standard Lick Observatory procedures, as described by Osterbrock et al. (1991) . Because of differences in zenith distance, azimuth, time of night, and thin cirrus on at least one night, the spectra contain different mixtures of natural and light pollution sky contributions, and no attempt was made to fit them together into one "mean" spectrum. However, these spectra are quite characteristic of "typical" observing conditions at Lick Observatory. These spectra are plotted in Figs. 1-7. Note that the wavelength scales were derived from comparison-lamp spectra, mostly taken at the beginning of the night with the telescope vertical, and have not been corrected for a wavelength zero-point shift due to flexure. These shifts are discussed below, in the next section. On each spectrum the wavelengths of all the strongest, apparently single emission lines were measured, generally using only the peak 20% or so of the profile. With these wavelengths, and the sky and lamp spectra of Osterbrock et al. ( 1976) , it is straightforward to identify nearly all the atomic lines. The natural sky-spectrum lines, including both atomic and molecular, in particular OH, can be identified out to A = 10 000 A from the excellent charts published by Broadfoot and Kendall ( 1968) , based on spectra taken at Kitt Peak, apparently a year or two before the date of publication. The only light-pollution lines they show are very weak Hg l. The identifications of the OH lines can easily be extended beyond A10 000 using the wavelengths described below. Many of the identified lines are marked on Figs. 1-7.
Qualitatively, the very great relative increase in light pollution by sodium lamps can be seen by comparing Fig.  3 with Fig. 2 of Osterbrock et al. (1976) . The very broad wings of Na I λλ 5890, 5896 from the HPS lamps now dominate the region λλ 5700-6100, and the "narrow" component of this doublet, due to the LPS lamps, is so strong as to be saturated on this exposure. Many other Na I lines, mostly broad and chieñy due to the HPS lamps, except for Na I λλ 8183, 8195, which is strong in the LPS lamps, can be seen in Figs several weak Ne I lines can now be seen in the Lick Observatory sky spectra in the A c = 6700, 7750 A spectral regions. They arise from advertising signs, and include most, but not all, of the brightest lines in our neon comparison lamp.
The measured wavelengths of the atomic lines were then used to calculate the wavelength offset, ΔΑ = Aq -A m , for each separate section of the spectrum, where A 0 is the known rest wavelength and A m is the measured wavelength. For the permitted lines the rest wavelengths are from the RMT (Moore 1945) , except Hg I A4077.83, which comes from the American Institute of Physics Handbook (1957) . The other Hg I wavelengths in this publication agree with those in the RMT to 0.01 A. For the forbidden lines the rest wavelengths are from Kaufman and Sugar (1986) . Most of the Nal lines are too broad, and blended also, to be used in these offset determinations, but Na I AA 8183, 8195 (multiplet 4), and Κ I AA 7665, 7699 (multiplet 1) are sharp and resolved, and were used. For each spectral region all the measured offsets from atomic lines were averaged with equal weight to find the best value. These are listed in the second column of Table 2 , together with the probable errors and number of lines which went into the determination. It can be seen that the 3600 3800 Wavelength 4800 5000 5200 5400 5600 5800 6000 6200 Wavelength offsets are well determined, in most cases to within 0.1-0.3 A, but that more sky lines are desirable to improve the determinations particularly in the longer wavelength spectral regions. In particular there are no identified atomic sky lines in the A c = 10 210 A region. A few other atomic lines, which were not used in the determination of the offsets, are also worthy of mention. Their wavelengths, namely the wavelengths measured on these sky spectra, corrected by the best values of the offsets as listed in the last column of Table 2 , which also includes this wavelength. However, the latter spectrum was taken with more moonlight in the sky (as can be seen from the Ca II Η and Κ absorption lines), and the resulting Ηβ absorption line the sky spectrum would have weakened the emission feature. Both Li IA6708 and Ha have been reported as possibly present in the night-sky or twilight spectra by Chamberlain (1961) . It is also possible that the observed Li I Λ6708 arises as an impurity in sodium lamps (as Κ I λλ 7665, 7699 do), but it did not appear in the lamps whose spectra were measured by Osterbrock et al. ( 1976) nor in Phillips SOX and Osram A 3χ6 LPS lamps also used in San Jose, of which we obtained spectra of in 1991. Courteau ( 1991 ) has not detected Li I /16708 in the sky on any of his galaxy spectra taken in this wavelength region, but closer to the zenith than our exposure.
OH WAVELENGTHS
More sky lines with accurately known rest wavelengths are needed in the red-and near-infrared spectral regions, to calibrate the wavelength offsets in those regions. As the spectral plots show, many OH emission features are present in the sky spectra in these regions. Some observers have disregarded these OH features, incorrectly supposing that they are all blends (Osterbrock et al. 1990) . Others have used the OH features as comparison lines, obtaining wavelengths for them from various sources (Rubin et al. 1980; Rubin et al. 1985; Courteau 1991) . Chamberlain (1961) published an early list of wavelengths, based on combined laboratory and low-dispersion sky spectra, and later values for some of the lines in some of the bands, also based on sky measurements have been published by Blackwell et al. ( 1960) , Krassovsky et al. ( 1962) , Doan ( 1963) , and Louistisserand et al. (1987) .
However, considerably more accurate laboratory wavelengths are now available for all the OH lines. Coxon (1980) made a very complete discussion of all the best laboratory measurements of electronic, vibration-rotation and microwave transitions in OH, and calculated from them highly accurate energy levels for all the levels of the ground Χ 2 Π term with vibrational quantum number i;<5. Additional high-resolution laboratory measurements of the OH vibration-rotation spectrum by Coxon and Foster (1982) gave the higher energy levels with 6<z;<10. From the measured energy levels they derived highly accurate molecular constants, which they then used to calculate all the energy levels on a consistent basis.
We have used these published energy levels to calculate the rest (air) wavelengths of all the OH vibration-rotation lines expected in the sky spectrum, to provide wavelength standards for the red-and near-infrared spectral regions. The notation has been described by Herzberg ( 1950) . The ground electronic term of OH has electronic angular momentum projection on the internuclear axis A = 1 and spin angular momentum Σ = 1/2. It is thus a momentum of nuclear rotation, so /=Ω, Ω + 1, Ω + 2,.:. . The vibrational quantum number i; = 0,1,2,... . A vibration-rotation transition occurs between an upper level v', f and a lower level ν", J" of the same electronic term, that is, either within the ground X 2 Π3/2 term [these transitions are labeled R x (/"), Qi {J"), or P x (J 77 )] or within the first excited X 2 !!^ term [these are labeled R 2 {J"), Q2ÍJ"), or ^(^)]· The R transitions connect levels J' -J" = 1, the Q transitions J' -J" =0, and the Ρ transitions J' -J" = -1. Each rotational level is further split by A-type doubling into a + level and a -level; the selection rule is that R and Ρ transitions connect + levels only with + , and -only with -, while Q transitions connect only + with -and vice versa. Each band is further labeled by its {υ' -υ").
Although the above describes the standard spectroscopic notation used by Coxon (1980) , Coxon and Foster (1982) , and Maillard et al. (1976) , who also measured high-precision laboratory wavelengths of the OH vibration-rotation bands, it has not been used in most published astronomical papers. Instead Chamberlain (1961) , following Meinel ( 1950) , who first identified the bands, used the quantum number K, the total angular momentum apart from spin = A, A + 1, A + 2, ... . Hence K=J -1/2 for the Ri, Qi, and Pj transitions of ^3/2, but Κ=/+ 1/2 for the /?2> Ö2> an d Â transitions of 2 ΓΙι/2· This notation has been subsequently used in the published astronomical papers.
The calculated wavelengths, corrected to air by the standard formula given in the Handbook of Chemistry and Physics (1974) are listed in Table 3 . Note on this table, to save space the Q\{K") wavelengths are listed opposite Κ", but the Q2(K") wavelengths are listed opposite K" + 4, so that for instance ζΜ^) is always listed opposite K" = 6. Note also that each line is actually double, but the calculated separations are small, and the expected relative intensities of the two components nearly equal, so we have listed the mean wavelengths only. Typical separations of the two components of the Pi{K") lines range from -0.3 A for /^(4) near /17500 and -0.7 A for /^(8) near the same wavelength, to -0.5 A for /^(4) and -1.3 A for Pj ( 8 ) near All 000. The separations of the 7¾ components are much smaller, as they are for all the Q and R lines tabulated. Though the table extends from /16000, where all the OH lines are quite weak in the sky spectrum, to A12 000, near the limit of sensitivity of the CCDs currently used at Lick Observatory, we can supply wavelengths beyond these limits to interested users. Likewise we can supply tables with the separations listed for each component. The expected accuracy of the listed wavelengths is about 0.01 A for transitions with y'<5, up to perhaps 0.04 A for transitions with υ' >5. For the (3 -0) and (4-1) bands the measured frequencies of the individual components have been published by Maillard et al. ( 1976) , and there is no difference between them and the calculated values (for the Ρ lines, the only ones we checked systematically) which corresponds to a wavelength error greater than 0.01 A.
Inspection of the chart of the sky spectrum by Broadfoot and Kendall (1968), or of Figs. 4-7 of the current paper together with Table 3, shows that the structure of the OH molecule is such that all the vibration-rotation bands have similar structures. Each and R2 branch has a head at short wavelength. These heads are marked with asterisks in Table 3 . They are generally within a few angstroms of each other, and hence these bands are unresolved at resolutions similar to that used here. The resulting blend is marked R in the figures; its effective wavelength and profile depend critically on the resolution of the spectrograph and the intensity distribution of the various Κγ and The Qi and Q2 lines with the same Κ are generally very close in wavelength and unresolved. Again, each Qy line is approximately two to three times as strong as the corresponding ζ?2· The intensities in the Q branches fall off very rapidly with increasing K, while in OH the wavelengths increase slowly with K. The result is a blended feature, with a maximum at short wavelength, going down in steps toward longer wavelength, as for instance the OH (7 -3) Q feature at /18825 in Fig. 6 . (Note that the wavelengths used in this discussion are measured wavelengths, not corrected for the offsets of Table 2, and hence not comparable  with Table 3 until this offset has been applied. ) Like the R heads, the Q branch effective wavelengths depend critically on the resolution of the spectrograph and on the relative intensities of the individual lines. Both the R heads and the Q branches are blends, whose accurate wavelengths cannot be determined from calculated values, although of course an effective wavelength may be measured with any particular spectrograph, slit, grating, detector, etc. and used as a wavelength standard on other exposures taken with the same instrumental setup.
Finally, the Ρ branches do not have heads, but instead the individual lines are well separated. Again each P X {K") line is approximately two to three times as strong as the corresponding ^(^)-The wavelengths are such that each PjiK") is at a shorter wavelength than P x {K") f but at a longer wavelength than Ρχ{Κ" -1). In the figures the P x lines are marked, and the P2 lines, which fall between them, can be easily recognized. Almost all these Ρ λ and lines are unblended. Hence they are very good lines to measure for wavelength calibration, using the calculated OH wavelengths. The P x lines, being stronger, are easier to measure, but particularly at longer wavelengths many 7¾ lines can also be used. Typically the strongest Ρ lines in each band are around K" = 3-5, although absorption by H2O and O2 in the atmosphere modifies the relative intensities greatly in some cases, as for instance in the OH (8 -4) band in Fig. 6 near /19450. A particularly graphic example of this same effect is provided by the Κ IAA 7665, 7669 doublet, which the HPS spectrum published by Osterbrock et al. (1976) shows with relative intensities ^1.3:1, but in the sky spectrum are modified by absorption to -Ί:5. The OH (4 -0) band near this same region is so strongly absorbed and modified as to be almost unrecognizable.
To test the suitability of the OH lines for determining the wavelength offset, the measurements originally made to identify the lines in these sky spectra were used. All of the stronger, apparently single lines had been measured. Eliminating the R heads and Q branches, plus a very few accidental blends, left a good number of Ρχ lines, several 7¾ a few R^ and one R2 line. Solutions were carried out separately for the offset from the Ρ χ lines alone, all the measures single OH lines (including P h P2, Ri, and Ä2), and for all the lines, atomic and OH. The results are listed in Table 2 . It can be seen that wherever there is a good overlap of atomic and OH lines, they agree well in determining the offset. In the longer wavelength regions, the OH lines improve the accuracy of the offset appreciably, and at the longest wavelengths to which the CCD is sensitive, they provide the only determination of it. From the probable errors of the offsets listed in Table 2 , it appears that Ρ2 and R lines, which on the average are weaker than the P x lines, do not add greatly to the accuracy of the determination of the offset, but neither do they weaken it. It certainly is preferable to identify and use the unblended OH lines in determining the wavelength offset, than to ignore them.
It might be possible to use the OH and other sky lines to determine the wavelength scales themselves. However, with the comparison lamps we use, there is a good distribution of lines in wavelength, except for A>10 410 A, while the unblended sky lines, particularly the OH lines, are more concentrated in specific regions. Hence we have used the sky lines only to determine the offsets, or zeropoint corrections due to flexure. At longer wavelengths, it may be more convenient and accurate to determine the wavelength calibration directly from the sky lines. ISBN 0-937707-49-6 (1991) 
